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FeSe has a unique ground state in which superconductivity coexists with a nematic order without
long-range magnetic ordering at ambient pressure. Here, to study how the pairing interaction evolves
with nematicity, we measured the thermal conductivity and specific heat of FeSe1−xSx, where the
nematicity is suppressed by isoelectronic sulfur substitution. We find that in the whole nematic
(0 ≤ x ≤ 0.17) and tetragonal (x = 0.20) regimes, the application of small magnetic field causes
a steep increase of both quantities. This indicates the existence of deep minima or line nodes in
the superconducting gap function, implying that the pairing interaction is significantly anisotropic
in both the nematic and the tetragonal regimes. Moreover, the present results indicate that the
position of gap minima/nodes in the tetragonal regime appears to be essentially different from that
in the nematic regime. These results place an important constraint on current theories.
PACS numbers:
Spin fluctuations are widely discussed as a primary
driving force of various unconventional superconductors,
whereas in iron-based superconductors, spin and orbital
degrees of freedoms are closely intertwined because of
the multiple d-orbital characters at the Fermi level [1,
2]. In most iron-based superconductors, tetragonal-
orthorhombic structural (nematic) and magnetic transi-
tion lines follow closely each other. These orders have
been suggested to play crucial roles in superconductiv-
ity and thus strong spin and/or orbital fluctuations have
been proposed to mediate the pairing [3–5]. However, de-
spite tremendous efforts in the past years, elucidating the
exact pairing mechanism still remains a great challenge.
The iron-chalcogenide superconductor FeSe [6], com-
prised only of Fe-Se layer, offers a novel platform to
investigate the pairing mechanism of iron-based super-
conductors, because it displays several remarkable prop-
erties. The superconducting transition temperature of
Tc ∼ 9K dramatically increases up to 38K by the appli-
cation of hydrostatic pressure [7]. The superconductivity
at ambient pressure coexists with a nematic order, whose
properties are distinctly different from the other iron-
based superconductors. The nematic transition occurs at
Ts ≈ 90K, which is accompanied by the splitting of the
dxz and dyz orbits (∆E = Eyz − Exz ≈ 60meV) [8–11].
Although Ts is comparable to other iron-based supercon-
ductors, no sizable low-energy spin fluctuations are ob-
served above Ts and no long-range magnetic order occurs
below Ts at ambient pressure [12–15]. These results have
put questions into the spin fluctuation scenario envisaged
in other iron-based superconductors. Although there is
argument that the magnetic fluctuation mechanism is
still applicable [16–18], alternative scenario where fluc-
tuations stemming from orbital degree of freedom play a
primary role has aroused a great interest [14, 15, 19–21].
As shown in Fig. 1(a), the Fermi surface in the nematic
phase consists of an elliptical hole pocket at the Brillouin
zone center (h1), elongated along Γ - My line, and com-
pensated electron pockets near the zone boundary (e1
and e2) [21]. It has been reported that e1 pocket is di-
vided into two Dirac-like electrons in the presence of large
orbital splitting [22–24], although the detailed structure
of the Fermi surface is still controversial [25, 26]. The
size of all the pockets is extremely small, occupying only
1 - 3% of the whole Brillouin zone [27–29]. Since the su-
perconducting gap structure is intimately related to the
pairing interaction, its elucidation is crucially important.
The superconducting gap of FeSe has been reported to be
highly anisotropic with deep minima or line nodes [29–
31]. Recent angle resolved photoemission spectroscopy
(ARPES) and the quasiparticle interference (QPI) ob-
tained from scanning tunneling microscopy (STM) mea-
surements consistently report the gap minima or nodes
located near the vertices along the major axis (Γ - My
direction) of elliptical hole pockets [32–34], although the
gap structure of the electron pockets is less clear.
The large anisotropy of the superconducting gap in
FeSe is highly unusual because it directly implies that the
pairing interaction strongly depends on the position of a
tiny Fermi surface. However, the relationship between
the nematicity and pairing interaction remains largely
elusive. To tackle this key issue, it is of primary im-
portance to clarify how the nematicity affects on the
superconducting gap structure. Recently, it has been
reported that isoelectronic sulfur substitution in FeSe
strongly suppresses the nematic transition [35–37], lead-
ing to the appearance of tetragonal regime [38], whose
band structure is shown in Fig. 1(b) [21]. The T - x phase
diagram of FeSe1−xSx is depicted in Fig. 1(c). At xc ≈
0.17, Ts is suppressed to zero [nematic quantum criti-
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FIG. 1: (a), (b) Schematic illustrations of the Fermi sur-
face in the nematic and the tetragonal phases [21]. Green,
red, and blue areas represent the Fermi surface regimes dom-
inated by dxz, dyz and dxy orbital characters, respectively.
(c) T -x phase diagram of FeSe1−xSx. (d)-(g) Temperature
dependence of resistivity and its temperature derivative for
single crystals of FeSe1−xSx for (d) x = 0.08, (e) 0.13, (f)
0.16, and (g) 0.20.
cal point (QCP)] [38]. As x is increased in the nematic
regime, ∆E is suppressed and elliptical hole pocket be-
comes more circular while keeping its volume nearly con-
stant [37]. FeSe1−xSx, therefore, offers a fascinating op-
portunity to investigate the nature of the pairing inter-
action.
In this Letter, we report the anisotropy of the super-
conducting gap in FeSe1−xSx single crystals in a wide x
range from the nematic to tetragonal regime beyond the
nematic QCP. We measured the thermal conductivity κ
down to 90mK and specific heat C to 400mK in magnetic
field up to µ0H = 14 T. We find that both quantities re-
veal that the gap is highly anisotropic, which has deep
minima or line nodes, in the whole nematic regime for
0 ≤ x ≤ xc, indicating that the gap anisotropy is not
directly related with the nematicity. Moreover, the gap
is also highly anisotropic in the tetragonal regime. These
imply that the pairing interaction is highly anisotropic in
both the nematic and the tetragonal regimes. Further-
more, the position of gap minima/nodes in the tetragonal
regime appears to be essentially different from that in the
nematic regime. We discuss these results in the light of
orbital dependent pairing scenario.
Single crystals of FeSe1−xSx (x = 0, 0.08, 0.13, 0.16
and 0.20) were grown by chemical vapor transport tech-
nique [38, 39]. Observation of quantum oscillations, even
in the heavily substituted sample with x = 0.2 [40, 41],
nearly 100% Meissner signal, and sharp jump in spe-
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FIG. 2: The electronic component of the specific heat divided
by temperature, Ce/T vs. T in FeSe1−xSx for (a) x = 0, (b)
0.08, (c) 0.13, and (d) 0.20, respectively.
cific heat all demonstrate high quality of the samples.
Specific heat was measured for x = 0, 0.08, 0.13 and
0.20 by the quasi-adiabatic method in 3He cryostat. The
thermal conductivity was measured on the crystals with
the same x values by the standard steady-state method
by applying the thermal current in the two-dimensional
(2D)-plane in a dilution refrigerator. In addition to these
crystals, we measured κ for x = 0.16 in the vicinity of ne-
matic QCP. Since the physical properties of the crystals
near QCP are sensitive to the inhomogeneous distribu-
tion of sulfur, we carefully selected a tiny crystal with
a sharp superconducting transition. For both C and κ
measurements, we applied magnetic field perpendicular
to the 2D plane (H ‖ c).
Figures 1(d), (e), (f) and (g) depict the T -dependences
of the resistivity ρ and dρ/dT for x = 0.08, 0.13, 0.16 and
0.20, respectively. The nematic transition temperatures
determined by the jump of dρ/dT are Ts ≈ 75, 60 and
35K for x = 0.08, 0.13 and 0.16, respectively. These
values are consistent with the previous report [38]. At
x = 0.20, no anomaly is observed in dρ/dT , indicating
that the system is in the tetragonal regime. Tc and the
superconducting upper critical field Hc2 for x = 0.20 are
reduced from those of the crystals in the nematic regime.
Figures 2(a), (b), (c) and (d) show the T -dependences
of the electronic component of specific heat divided by
temperature, Ce/T for x = 0, 0.08, 0.13 and 0.20, re-
spectively. We obtained Ce by subtracting the change
of Cn(µ0H = 14T) in the normal state from the value
at Tc, Ce = C(T ) − ∆Cn, ∆Cn = Cn(T ) − γTc. For
x = 0, 0.08, 0.13 and 0.20, the values of µ0Hc2 are
approximately 16, 20, 18, and 3T, respectively. Since
µ0Hc2(T ) in the nematic regime exceeds the maximum
field of our experimental setup, 14T, at low tempera-
tures, Cn(T ) below Tc(14T) is estimated by extrapolat-
ing a curve obtained by the fitting of C above Tc with
Cn(T ) = γT+βT
3+A5T
5. At Tc, Ce/T exhibits a sharp
jump for all x, showing good homogeneity of S substitu-
tion. The Sommerfeld coefficient γ is 7 - 9 mJ/molK2
for all crystals in the nematic regime, suggesting that the
electron correlation is little influenced by S substitution.
The ratio of specific heat jump and normal state specific
3heat, ∆Ce/γTc = 1.5 for x = 0, is larger than the BCS
value of 1.43, while for 0.08, 0.13 and 0.2, ∆Ce/γTc = 1.3,
1.1, and 0.73, respectively, are smaller than the BCS
value. This may be due to the multigap nature of the
superconductivity. For x = 0.20, Ce/T below Tc shows
a concave-downward curvature, which also supports the
multigap superconductivity.
Figures 3(a), (b), (c) and (d) show the H-dependences
of C/T at around 450mK for x = 0, 0.08, 0.13 and 0.20,
respectively. In conventional fully gapped superconduc-
tors, C(H)/T increases linearly with H due to the in-
duced quasiparticles inside vortex cores. In stark con-
trast, as shown in the insets of Figs. 3(a)-(d), C(H)/T
increases with
√
H for all x at low fields. In supercon-
ductors with highly anisotropic gap, the Doppler shift of
the delocalized quasiparticle spectrum induces remark-
able field dependence of density of states with
√
H-
dependence for line node. For x = 0, 0.08, and 0.13
in the nematic regime, C(H)/T deviates from the
√
H-
dependence at H∗ shown by arrows. For x = 0.08 and
0.13, C(H)/T exhibits a kink atH∗. AboveH∗, C(H)/T
increases slowly as C(H)/T ∝ Hα with α &1. The slight
upward curvature of C(H)/T above H∗ for x = 0 and
0.13 is attributed to the Pauli paramagnetic effect on
the superconductivity [42]. The initial steep increase of
C(H)/T below H∗ indicates that substantial portion of
the quasiparticles is already restored at magnetic field
much below Hc2. The slope change at H
∗ provides evi-
dence for multigap superconductivity; H∗ is interpreted
as a virtual upper critical field that determines the H-
dependence of the smaller gap. The
√
H-behavior below
H∗ indicates the presence of Fermi pocket, whose super-
conducting gap is small and highly anisotropic with line
node or deep minima. Moreover, Hα-dependences with
α & 1 above H∗ indicate the presence of another Fermi
pocket, whose gap is much larger and isotropic.
For x = 0.20 in the tetragonal regime,
√
H-behavior
is observed in the whole H-regime below Hc2, which is
determined by the resistivity. As shown in Figs. 2(d) and
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FIG. 3: Magnetic field dependence of C/T for (a) x = 0,
(b) 0.08, (c) 0.13, and (d) 0.20. Insets show the same data
plotted as a function of
√
µ0H . H
∗ represents a magnetic
field at which C/T deviates from
√
H-dependence. The black
arrows in the main panel indicate H∗. The gray arrow in (d)
indicates upper critical field.
3(d), large C/T at H = 0 indicates that the substan-
tial number of quasiparticles are excited even at T/Tc ≈
0.1. Since entropy balance imposes
∫ Tc
0
{(Ce/T ) −
Cn/Tc)}dT = 0, Ce/T for x = 0.20 is expected to de-
crease rapidly with decreasing T below 0.4K. There-
fore largely remained C/T arises from the Fermi pock-
ets with extremely small superconducting gap. The H-
dependence of C(H)/T for x = 0.20 suggests the pres-
ence of Fermi pocket(s) with very small gap and other
pocket(s), whose gap is larger and highly anisotropic.
Thus the gap structure in the tetragonal regime ap-
pears to be essentially different from that in the nematic
regime.
The thermal conductivity provides additional pivotal
information on the superconducting gap structure, be-
cause the heat transport detects only the delocalized
quasiparticles, insensitive to the localized quasiparticles.
Figure 4(a) depicts κ/T plotted as a function of T 2 in
zero field. At low temperature, κ/T is well fitted by
κ/T = κ0/T + bT
2, where b is a constant. We confirmed
that the ratio of κ0/T and the electrical conductivity σ0
at T → 0 above µ0Hc2 is (κ0/T )/σ0 = (1.04 ± 0.02)L0
for x = 0.16 and 0.20, where L0 =
pi2
3
(
kB
e
)
is the Lorenz
number, indicating that the Wiedemann-Franz law holds.
At zero field, the presence of a residual value in κ/T at
T → 0, κ00/T , indicates the presence of normal fluid,
which can be attributed to the presence of line nodes
in the gap function. Finite κ00/T is clearly resolved in
0.10
0.05
κ
/T
 
(W
/K
2 m
)
210
(µ0H)1/2 (T1/2)
0.15
0.10
0.05
0
κ
/T
 
(W
/K
2 m
)
121086420
0.20
0.15
0.10
0.05
0
κ
/T
 
(W
/K
2 m
)
121086420
µ H (T)
0.30
0.25
0.20
0.15
0.10
0.05
0
κ
/T
 
(W
/K
2 m
)
121086420
µ
0.18
0.16
0.14
0.12
0.10
κ
/T
 
(W
/K
2 m
)
43210
(µ0H)1/2 (T1/2)
0.30
0.25
0.20
0.15
0.10
0.05
0
κ
/T
 
(W
/K
2 m
)
43210
(b) (c)
x = 0.08 x = 0.13
x = 0.16
200 mK 150 mK
150 mK
(e)
x = 0.20
100 mK
(d)
(a)
x = 0.08
0.13
0.16
0.20
0.30
0.25
0.20
0.15
0.10
0.05
κ
/T
 
(W
/K
2 m
)
2.01.00
(µ0H)1/2 (T1/2)
0.3
0.2
0.1
0
κ
/T
 
(W
/K
2 m
)
43210
(µ0H)1/2 (T1/2)
0.20
0.15
0.10
0.05
0
κ
/T
 
(W
/K
2 m
)
0.100.050
T2 (K2)
 
 
 
 
 
H*
H*
Hc2 Hc2H*
µ0Hc2 (T) µ0Hc2 (T)
µ0Hc2 (T)µ0Hc2 (T)
FIG. 4: (a) Temperature dependence of thermal conductivity
divided by T , κ/T , plotted as a function of T 2 in zero field.
Magnetic field dependence of κ(H)/T for (b) x = 0.08, (c)
0.13, (d) 0.16 and (e) 0.20. The gray arrows indicate Hc2.
The insets show κ/T plotted as a function of
√
µ0H . H
∗
represents a magnetic field at which κ(H)/T deviates from
the
√
H-dependence. The black arrows in the main panel
indicate H∗.
4x = 0.08, 0.16, and 0.20, indicating the presence of line
node. On the other hand, κ00/T for x = 0.13 is much
smaller or vanishes at T → 0.
Figures 4(b), (c), (d) and (e) depict theH-dependences
of κ(H)/T for x = 0.08, 0.13, 0.16 and 0.20, respectively.
Similar to C(H)/T , the application of small magnetic
fields causes a steep increase of κ(H)/T for all x; as
shown in their insets, κ(H)/T increases with
√
H at low
fields. Same as the specific heat, the
√
H-dependence of
κ(H)/T appears as a result of Doppler shift of quasipar-
ticle spectra in the presence of line nodes. For x = 0.08,
0.16 and 0.20, κ(H)/T increases immediately when the
magnetic field is applied. (We note that the lower crit-
ical field Hc1 is much smaller than the field scale of in-
terest. [35]) This H-dependence, along with the presence
of finite κ00/T , indicates the presence of line nodes. For
x = 0.13, on the other hand, κ/T (H) is insensitive to
H at very low fields even above Hc1, suggesting that al-
though the gap function has deep minimum at certain
directions, it is finite, i.e. no nodes. This is consis-
tent with very small or absence of κ00/T . As shown
in the insets of Figs. 4(b), (c) and (d), κ(H)/T devi-
ates from the
√
H-dependence above H∗ for x = 0.08,
0.13 and 0.16. The values of H∗ for x = 0.08 and 0.13
are close to the ones observed in C(H)/T in Fig. 3(b)
and (c). Above H∗, κ(H)/T shows much weaker H-
dependence than below H∗. In particular, κ(H)/T is
nearly H-independent for x = 0.08 and 0.16. Since ther-
mal conductivity is insensitive to localized quasiparti-
cles inside vortices, κ(H)/T in fully gapped supercon-
ductors is independent of H except for the vicinity of
Hc2. Thus the observed initial steep increase with
√
H-
dependence, followed by much weaker H-dependence of
κ(H)/T , provides evidence for the multigap supercon-
ductivity, in which small gap has line nodes or deep min-
ima and large gap is nearly isotropic [43]. This is con-
sistent with the conclusion drawn from the specific heat.
For x = 0.20, κ/T increases with
√
H nearly up to Hc2,
which is again consistent with the specific heat.
Next, we compare our results with other experimental
observations. The observed
√
H-dependence of C(H)/T
and κ(H)/T only at low fields for x < 0.08 is consistent
with the results of ARPES and QPI for x < 0.07 [32–
34], showing the large gap anisotropy in the hole pock-
ets. This initial
√
H-dependence persists in the whole
nematic regime. Therefore it is natural to consider that
the superconducting gap in the hole pocket is always
highly anisotropic in the whole nematic regime. The gap
structure of the electron pockets has been less clear. In
fact, no gap has been observed on the electron pockets
in ARPES measurements [32]. However, the fact that
H∗ is much smaller than Hc2 implies that the gap of the
electron pockets is larger than hole pocket. Moreover,
H-dependences of C/T and κ/T above H∗ suggest that
the gap of the electron pockets is much more isotropic
than the hole pocket. It should be stressed that the
line nodes in the hole pocket are accidental, not symme-
try protected, because as directly revealed by the STM
measurements, the nodes are lifted near the twin bound-
aries [44]. Moreover, the presence of line nodes has been
reported by thermal conductivity measurements on some
crystals for x = 0 [29], while small but finite gap has
been observed in different crystals [31], which may be
attributed to the difference in the amount of impurities
and twin boundaries.
Since the elliptical hole pocket becomes more circu-
lar with increasing x, the highly anisotropic gap in the
hole pocket in the whole nematic regime implies that the
anisotropic pairing interaction is little influenced by the
elliptical distortion of the hole pocket. This immediately
excludes the possibility of the intraband pairing, in which
the superconductivity is mediated by fluctuations with
very small momentum. This is because in such a case
the gap anisotropy should be sensitive to the shape of
the Fermi surface. As displayed by green area in the
hole pocket in Fig. 1(a), the gap node/minimum locates
at the area dominated by dxz orbital character for x = 0
and 0.07 [32–34]. To explain such a highly anisotropic
gap in a tiny Fermi pocket, a pairing interaction which is
strongly orbital dependent has been proposed [24, 45]. In
this scenario, the gap minimum/node appears as a result
of the strong nesting properties of dyz orbit area, shown
by red in Fig. 1(a), between the hole and electron pock-
ets. Since the pairing interaction is dominated by dyz
orbital, the gap minimum/node can appear in the area
with dxz orbital character in the hole pocket. In fact,
strong nesting properties between dyz orbitals has been
discussed in BaFe2As2 with stripe type magnetic order.
Finally we discuss the superconducting gap structure
in the tetragonal regime. In the orbital dependent pair-
ing scenario, the node/minimum is expected to appear
the portion of the electron pockets (e1, e2) with dxy char-
acter [shown by blue in Fig. 1(b)], because dxz and dyz
orbits in the hole pockets (h1, h2) are identical in tetrag-
onal lattice. This scenario suggests that the supercon-
ducting gap of hole pocket is very small, giving rise to
substantially large C/T even at T/Tc ≈ 0.1.
In summary, the thermal conductivity and specific heat
measurements on FeSe1−xSx in a wide x range reveal
the presence of deep minima or line nodes in the super-
conducting gap function both in the whole nematic and
tetragonal regimes. Moreover, the multigap nature of the
superconductivity is commonly observed in both regimes.
These results imply that the pairing interaction is signif-
icantly anisotropic both in the nematic and tetragonal
regimes. However, we point out that the gap structure,
particularly the position of the gap minima/nodes, in
the tetragonal regime is essentially different from that in
the nematic regime. Thus determining the positions of
gap minima/nodes in the whole nematic and tetragonal
regimes should provide a clue to understanding a pairing
mechanism of highly unusual superconductivity in FeSe.
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